We report on the demonstration of a high finesse micro-optomechanical system and identify potential applications ranging from optical cooling to weak force detection to massive quantum superpositions. The system consists of a high quality 30 m diameter flat dielectric mirror cut from a larger substrate with a focused ion beam and attached to an atomic force microscope cantilever. Cavity ring-down measurements performed on a 25 mm long Fabry-Pérot cavity with the 30 m mirror at one end show an optical finesse of 2100. Numerical calculations show that the finesse is not diffraction limited and that orders of magnitude higher finesse should be possible. A mechanical quality factor of more than 10 5 at pressures below 10 ÿ3 mbar is demonstrated for the cantilever with a mirror attached.
We report on the demonstration of a high finesse micro-optomechanical system and identify potential applications ranging from optical cooling to weak force detection to massive quantum superpositions. The system consists of a high quality 30 m diameter flat dielectric mirror cut from a larger substrate with a focused ion beam and attached to an atomic force microscope cantilever. Cavity ring-down measurements performed on a 25 mm long Fabry-Pérot cavity with the 30 m mirror at one end show an optical finesse of 2100. Numerical calculations show that the finesse is not diffraction limited and that orders of magnitude higher finesse should be possible. A mechanical quality factor of more than 10 5 at pressures below 10 ÿ3 mbar is demonstrated for the cantilever with a mirror attached. We demonstrate a high finesse micro-optomechanical system (HFMOMS) composed of an optical cavity with a 30 m mirror on a single crystal silicon cantilever at one end. The system operates in the regime where the radiation pressure from the optical field is strong enough to influence the mechanical dynamics of the resonator. Recently, such a optomechanical coupling was seen in an elegant experiment with microtoroidal resonators [1] . In the system presented here, coupling to the light field is achieved with a micromechanical cantilever which can in turn be easily coupled to other forces.
HFMOMS are promising for a wide range of fundamental and practical applications. An important application will be the implementation of optical feedback cooling of the micro-mechanical resonator. This can be achieved either with an external feedback loop [2] , or by internally delayed forces [3] . In either case, with adequately high optical quality, the effective temperature of the cantilever's fundamental vibrational mode can be drastically reduced. This could be used to improve the signal-to-noise ratio of detection of weak impulsive forces [4] .
For the detection of weak continuous forces, such as those produced by precessing electron spins in a single electron spin microscope, the smallest force one can detect is limited by the bulk temperature of the cantilever. For bulk temperature, T & 100 mK, the cantilever temperature is limited by heating due to the readout laser [5] . Attaching a high quality mirror to the readout cantilever, as done here, would both increase the finesse of the interferometric readout and reduce absorption, drastically reducing the minimum achievable temperature.
The strong interaction between the optical field and the mechanical oscillations in HFMOMS makes the cavity behave like a nonlinear medium since the length of the cavity depends upon the intensity of the field in an analogous way to the optical length of a nonlinear material [6] . The small mass and spring constant of our system would make it an ideal test bed for ponderomotive squeezing, which has been proposed as a method to reduce noise in gravitational wave detectors [7] and may also have applications in information theory [8] .
The most far reaching application of HFMOMS is the study of quantum superpositions of relatively massive (10 ÿ12 kg) systems [9] [10] [11] [12] [13] . Experimentally, quantum mechanics remains untested on mass scales *10 ÿ24 kg; the most massive superpositions to date involve 10 6 electrons in superconducting devices [14, 15] , and large (100 atom) molecules in an atom interferometer [16, 17] . Among existing proposals, one scheme [11] [12] [13] uses the radiation pressure of a single photon to create a macroscopic superposition involving two spatially distinct locations of a mirror attached to a mechanical oscillator. The technical feasibility of this scheme has been explored in [18] . Essential to this proposal is the construction of a high finesse cavity to increase the radiation pressure of a single photon to an extent where it can displace the cantilever by at least the width of a ground state wave packet. Achieving the superposition as discussed in [18] is an extraordinary challenge; it requires a cavity of 25 mm length with a 20 m diameter mirror on a micromechanical resonator with total mass 10 ÿ12 kg, an optical finesse, F 10 6 , and mechanical quality, Q 10 5 . Furthermore, the system must operate in ultrahigh vacuum and at mK temperatures. With continued improvements to the optical quality of the system described here and possibly aided by optical cooling, these requirements could potentially be within reach.
We fabricated and studied an optical cavity composed of a macroscopic spherical mirror and a microscopic plane mirror on the end of an atomic force microscope (AFM) cantilever (Fig. 1 ). Both mirrors are distributed Bragg reflectors (DBR), with alternating layers of SiO 2 (n 1:46) and Ta 2 O 5 (n 2:04). For our preliminary investigation, we used a 30 layer stack, designed to have R > 99:995% at 780 nm. This gives a reflection-limited finesse of 6 10 4 . Thicker DBR stacks of this type have demon-strated high enough reflectivity for finesses in excess of 10 6 [19, 20] . The large mirror has an effective diameter of 6 mm and a radius of curvature of 25 mm. The microscopic mirror lies at the center of the radius of curvature of the large mirror. The small mirror used for most of the measurements has diameter 30 m, although smaller mirrors were also fabricated and tested. A diagram of the experimental setup is shown in Fig. 2 .
To make the small mirrors, we begin with a DBR stack deposited on a conductive silicon substrate. Using a focused ion beam (FIB), we first cut away a ring of material to define the mirror edge [ Fig. 1(a) ]. We then rotate the sample 96 in order to cut out the bottom of the mirror [ Fig. 1(b) ]. The additional 6 is used to compensate for the tapered edges of a FIB cut produced at high ion currents. The bottom cut is stopped before it completely frees the mirror, thus leaving it connected by 1-2 m of silicon. We then place a small drop of low-viscosity optical epoxy near the tip of an AFM cantilever using a several micron thick pulled glass rod on a manipulation arm. Next, using a fresh glass tip, we gently break the mirror free from the substrate. To avoid scratching the mirror, we use the side of the glass rod instead of the sharp tip. Once freed, the detached mirror is carefully lifted from the substrate via electrostatic interaction with the glass rod. It is then transferred to the cantilever and placed on the drop of epoxy [ Fig. 1(c) ].
To characterize the optical cavity, we measure its spectral response using a tunable laser diode (TLD). The transmission of a Fabry-Pérot cavity with regards to frequency, f, and changes in cavity length, x, is
where is the laser wavelength, and f c 2L is the free spectral range, which is 6 GHz for our cavity. The proportionality factor is 1 for cavities with mirrors of equal reflectivity and less than 1 otherwise. The optical finesse, F, a useful measure of the cavity quality, is the ratio of peak width to free spectral range for the periodic peaks of Eq. (1) . Using the TLD we sweep the frequency by slightly more than a free spectral range and monitor the cavity transmission on a photomultiplier tube (PMT) (Fig. 3) . The power incident on the cavity is roughly 1 mW. In practice a series of several reoccurring peaks is observed due to higher order modes and imperfect mode matching. The peak of the fundamental mode can easily be identified by its higher finesse and location in the spectrum. If the laser is scanned slowly enough, thermal vibrations of the cantilever at the primary mechanical resonance frequency of 12.5 kHz are clearly visible [ Fig. 3(b) ]. This is because the time it takes the TLD to scan over the peak is several mechanical oscillations long. Scanning at a rate * 10 Hz reduces the effect of the vibrations and enables a measurement of linewidth of the cavity optical resonance. The maximum finesse measurable by this method is 1020 50 and is limited by the 6 MHz TLD linewidth.
Cavity ring-down provides an alternative method for determining the finesse. The mean number of round trips of a photon in a Fabry-Pérot cavity is given by hni 
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173901-2 pulses at 780 nm with a repetition rate of 40 kHz. Light leaving the cavity was sent to an avalanche photodiode (APD) capable of detecting individual photons. The APD pulses were monitored on a multichannel scaler triggered by the laser electronics. The summed results of 10 5 pulses are shown in Fig. 4 . The cavity alignment was unchanged from the earlier measurements using the TLD. The measured finesse by this method is 2100 50. The finesse could not be significantly increased beyond this point by alignment. We now discuss limitations on the optical finesse set by the finite size of the cavity mirrors. Because of diffraction losses, the concept of eigenmodes of the cavity breaks down and is replaced by modes that decay at a constant rate. The calculation of these modes can be reduced to a round-trip matrix problem by expanding the optical field in the cavity in terms of the cylindrically symmetric (m 0) Laguerre-Gaussian modes which are the propagation eigenmodes of the paraxial wave equation for a cavity with infinitely large mirrors. The clipping due to each mirror is represented by a mode mixing matrix whose elements are the mode overlap integrals calculated only over the surface of the mirror. The effect of one round-trip propagation is the product of the mixing matrices for each mirror. The eigenvalues and eigenvectors of this matrix correspond to the cavity modes and can be used to calculate the finesse (Table I ) of each.
Many of the obtained finesses exceed those limited by realistic mirror reflectivities [20] . Since the finesse is limited by multiple independent loss mechanisms, the total finesse can be calculated from the limiting finesses for each loss mechanism considered separately:
. To determine the diffractive losses of single point defects in the mirror, calculations were carried out with the center 2 m of the small mirror removed. As can be seen in Table I , this results in a decrease in the overall finesse as well as a reduction in the number of efficiently propagating modes. Conversely, the number of prominent modes is not affected by a decrease in overall reflectivity. The frequency scanned measurements show that the number of prominent higher order modes for 20 and 30 m mirrors is consistent with the calculations for defectless mirrors. We thus suspect that the finesse limitation is due to scattering off of small surface contaminants, effectively reducing the reflectivity. Furthermore, we believe these contaminants are sputtered particles from the FIB cutting and we are developing methods to eliminate them.
To measure the mechanical quality of the system, we observe the thermal vibration spectrum of the cantilever. This is done by locking the frequency of the TLD to the side of a cavity transmission peak with a slow (10 Hz) feedback loop. The thermal vibrations of the cantilever, with an rms amplitude of 1.5 Å , are immediately visible as fluctuations in the output intensity. The finesse is inten- . For micromechanical systems, Q is a strong function of pressure. At atmospheric pressure, viscous damping typically dominates Q. As the pressure is decreased, Q increases until it becomes intrinsically limited by cantilever material or construction. As expected, this linewidth narrowing is observed as the pressure is reduced (Table II ). An intrinsically limited Q of 10 5 is seen at pressures below 10 ÿ3 mbar. This is consistent with the expected value for our cantilever dimensions (450 50 2 m) [21] . It appears therefore that the mechanical Q of the cantilever is not affected by the mirror attachment process.
Our system already shows considerable promise for optical cooling; the thermal vibrations of the cantilever are currently visible with a signal-to-noise ratio *10 5 , implying that optical feedback cooling [2] of the center-ofmass motion of the cantilever to <1 K is possible from room temperature.
It should be possible to observe nonlinear effects due to optomechanical coupling with the current system by modest increases in either finesse or input power. Alternatively, if the reflectivity of the larger mirror in our current cavity were reduced to match the effective reflectivity of the tiny mirror, nonlinear effects would become significant with input powers of order 100 W [7] .
Concerning further improvement of our system, we have shown numerically that a finesse several orders of magnitude higher should be possible with improved mirror fabrication techniques. In order to use the system to realize a macroscopic superposition, it also needs to be shown that mirrors can be attached to significantly thinner and lighter cantilevers and that high mechanical quality factors can be maintained in such cases. If this can be achieved, the most significant barriers to creating a massive ''Schrödinger's cat'' state, as proposed in [18] , will have been overcome.
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